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Tecnolo´gica, Apodaca, Me´xicoABSTRACT Sperm chemotaxis has an important role in fertilization. Most of our knowledge regarding this phenomenon
comes from studies in organisms whose fertilization occurs externally, like sea urchins. Sea urchin spermatozoa respond to
sperm-activating peptides, which diffuse from the egg jelly coat and interact with their receptor in the flagellum, triggering several
physiological responses: changes in membrane potential, intracellular pH, cyclic nucleotide levels, and intracellular Ca2þ
concentration ([Ca2þ]). In particular, flagellar [Ca2þ] has been shown to oscillate. These [Ca2þ] oscillations are correlated
with changes in the flagellar shape and so with the regulation of the sperm swimming paths. In this study, we demonstrate,
from a mathematical modeling perspective, that the reported speract-activated signaling pathway in Strongylocentrotus
purpuratus (speract being a sperm-activating peptide specific to this species) has the necessary elements to replicate the
reported [Ca2þ] oscillations. We further investigate which elements of this signaling pathway constitute the core oscillator.INTRODUCTIONThe detection of chemical clues in the environment—which
provide information on food, mates, toxics, predators, and
pathogens—is essential for the survival of most leaving
beings (1). Intracellular biochemical signaling mediated
by ion channels is involved in sensory responses in diverse
cell types, ranging from neurons to sperm (2).
In organisms of external fertilization, such as the sea
urchin, both eggs and sperm are released to the environment.
Due to the enormous dilution volume, which decreases the
probability for the sperm to encounter the egg, these organ-
isms have developed different strategies to fulfill fertiliza-
tion. Some of them are: a large gamete production, an
increased apparent egg size, and production of diffusible
chemoattractants (3). Sea urchin sperm motility is modu-
lated and guided toward the egg by a gradient of small
peptides that diffuse from the egg jelly coat, carrying the
signals to guide the sperm by a chemotaxis process. Chemo-
taxis requires the sperm to be able to accurately detect the
chemoattractant concentration and respond by modifying
its flagellar movement, resulting in a regulation of its swim-
ming path (4).
Two different sea urchin species have been extensively
studied: Strongylocentrotus purpuratus and Arbacia
punctulata (5,6). Only in the last species has chemotaxis
been fully proved. In this case, chemotaxis is mediated by
resact, a tetradecapeptide produced in the egg jelly coat
(7). In S. purpuratus, the decapeptide speract, a sperm-acti-
vating peptide (SAP) largely studied and analog to resact,
induces sperm changes in ionic fluxes, second messenger
concentrations, and membrane potential, similar to those
produced by resact (5).Submitted November 4, 2011, and accepted for publication March 29, 2012.
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0006-3495/12/06/2481/8 $2.00In S. purpuratus, speract has been demonstrated to bring
about complex spatio-temporal patterns in the intracellular
concentration of Ca2þ ([Ca2þ]). A precise control of the
Ca2þ flux is necessary to achieve this complex Ca2þ
signaling, which in turn induces modifications in the
flagellar beat: when [Ca2þ] is low, the flagella beat symmet-
rically, whereas in high [Ca2þ] conditions, the flagellar beat
becomes asymmetrical (8).
The [Ca2þ] kinetics in response to speract is different in
the sperm head and flagellum. In the head, the [Ca2þ]
increase is a tonic event, whereas in the flagellum, single
cell measurements have revealed an oscillatory behavior
(9–12). It has been demonstrated that the number of
[Ca2þ] oscillations depends on the SAP concentration
used to stimulate the sperm (11). Additionally, the [Ca2þ]
increase propagates from the sperm flagellum to the head.
Hence, the information of where the ligand is bound is
lost, making this a temporal detection mechanism rather
than a spatial one (9).
Despite great advances in the last few years, the
S. purpuratus complete SAP-activated signaling pathway
remains to be fully elucidated (5,6). The proposed under-
lying molecular mechanisms are as follows: speract binds
to its receptor on the sperm flagellum; this interaction phys-
ically activates a membrane guanylyl cyclase, producing
a rapid and transient cGMP increment (13,14); this in turn
induces a Kþ efflux by direct activation of potassium-
selective and cyclic nucleotide-gated channels (KCNG),
making the sperm membrane potential more negative (15);
this hyperpolarization activates a potassium-dependent
sodium/calcium exchanger (NCKX), as well as a sodium-
proton exchanger and a hyperpolarization-activated and
cyclic nucleotide-gated sodium channel (HCN); all this re-
sults in intracellular alkalinization that induce a Naþ influx
and activates a soluble adenylyl cyclase, with the resultingdoi: 10.1016/j.bpj.2012.03.075
2482 Aguilera et al.increase in cAMP (5); the hyperpolarization further removes
the inactivation of voltage-dependent Ca2þ channels—given
the membrane potential at which the Ca2þ influx starts,
these channels are more likely low voltage-activated
Ca2þ-channels; the resulting Ca2þ influx contributes to the
sperm membrane depolarization (15); it has been proposed
that high voltage-activated calcium channels (HVA) open
at higher membrane potentials (16); finally, Ca2þ-activated
Cl channels (CACC) and Ca2þ-activated Kþ channels
(CAKC) are thought to repolarize the cell (5). Other
elements involved in the pathway regulation are the phos-
phatases and phosphodiesterases, which reduce the cGMP
levels (17–19). A schematic representation of the proposed
speract-activated signaling pathway in the spermatozoa
flagellum of S. purpuratus is given in Fig. 1. A complete
list of the suggested molecules involved in the signaling
pathway is given in Table S1 in the Supporting Material.
Given that various negative interaction loops with three or
more nodes can be identified in the above-discussed
S. purpuratus speract-activated signaling pathway (see
Fig. 1), it is compatible with a cyclic [Ca2þ] behavior.
Nevertheless,we know from the theoryof nonlinear dynamics
that having the right architecture is a necessary but not
sufficient condition for a given dynamic behavior (20).FIGURE 1 Schematic representation of the proposed speract-activated
signaling-pathway in the S. purpuratus sperm flagellum. (Large rectangles)
Physiological variables. (Small round boxes) Ionic exchangers, ionic
channels and enzymes participating in this pathway. For a complete
description of the molecules involved, see the main text and Table S1 of
the Supporting Material. (Lines ending in arrows) Positive interactions;
(lines ending in hammerheads) negative interactions.
Biophysical Journal 102(11) 2481–2488Therefore, it is important to test whether the suggested archi-
tecture for the speract-activated signaling pathway
can generate sustained oscillations with a feasible set of
parameter values, and if it does, to investigate what the
core oscillator is. The work laid out in this article was
designed to answer such questions from a mathematical
modeling perspective.MATERIALS AND METHODS
Model development
To keep the model complexity to a minimum, we used a minimalistic
strategy to develop a mathematical model for the speract-activated
signaling pathway of S. purpuratus. With that in mind, we ignored all the
steps that set the system ready to cycle but that do not participate in the
oscillations themselves. Hence, we disregarded the steps corresponding to
the binding of speract to its receptor, the production of cyclic nucleotides,
and the increment of intracellular pH. Furthermore, we assumed that the
cGMP and cAMP concentrations remain constant during the oscillations,
as does the intracellular pH. Finally, we lumped the fluxes associated
to the potassium-selective and cyclic nucleotide-gated and low voltage-
activated Ca2þ-channels with those associated to the CAKC and HVA
channels, respectively. The resulting mathematical model consists of five
ordinary differential equations, tabulated in Table 1, which describe the
dynamics of the Ca2þ, Cl, Naþ, and Kþ concentrations, as well as the
dynamics of the membrane potential (Vm).
The meaning of the symbols in Eqs. 1–5 is as follows: f is the product of
Faraday’s constant and the flagellum volume, Cm is the flagellar membrane
capacitance, ICa is the HVA current, ICl is the Ca
2þ-gated Cl current, INa is
the HCN current, IK is the Ca
2þ-gated Kþ current, IeCa is the Ca
2þ current
through the NCKX exchanger, IeNa is the Na
þ current through the NCKX
exchanger, IeK is the K
þ current through the NCKX exchanger, IlCl is the
Cl leak current, IlNa is the Na
þ leak current, and IlK is the K
þ leak current.TABLE 1 Model equations
d½Ca2þ
dt
¼ 1
2f
ð ICa þ IeCaÞ: (1)
d½Cl
dt
¼ 1
f
ðICl þ IlClÞ: (2)
d½Naþ
dt
¼ 1
f
ð INa þ IeNa þ IlNaÞ: (3)
d½Kþ
dt
¼ 1
f
ðIlK þ IK þ IeKÞ: (4)
dVm
dt
¼ 1
Cm
ðIeCa þ ICa þ IK þ IlK þ IeK þ INa þ IeNa
þ IlNa þ IlCl þ IClÞ:
(5)
Speract-Activated Ca Oscillations 2483The ionic currents in the right-hand side of Eqs. 1–5 are on their own func-
tions of [Ca2þ], [Cl], [Naþ], [Kþ], and Vm. The definitions for each current
are given in Table 2.
The meaning of the parameters and variables in Eqs. 6–15 is as
follows: ECa, ECl, ENa, and EK represent the Nernst potentials—calculated
as Ei ¼ (RT/zF) ln([ion]out / [ion]in)—for Ca2þ, Cl, Naþ, and Kþ, respec-
tively; gNa is the HCN unitary conductance; gCa is the HVA unitary conduc-
tance; gK is the CAKC unitary conductance; gCl is the CACC unitary
conductance; NNa is the number of HCN channels; NCa is the number of
HVA channels; NK is the number of CAKC channels; NCl is the number
of CACC channels; KCl is the CACC EC50 for Ca
2þ; nCl is the CACC
Hill coefficient for Ca2þ; KK is the CAKC EC50 for Ca
2þ; AK is the
CAKC coefficient of voltage dependence; nK is the CAKC Hill coefficient
for Ca2þ; VCa is the membrane potential needed for half-maximal HVA
conductance; KCa is the HVA coefficient of voltage dependence; VNa is
the membrane potential needed for half-maximal HCN conductance; KNa
is the HCN coefficient of voltage dependence; ef is the NCKX exchanger
flow rate; lK is the leakage rate for K
þ influx; lCl is the leakage rate for
Cl efflux; and lNa is the leakage rate of efflux of Na
þ.TABLE 2 Ionic currents considered in the model
ICa ¼ gCa NCaðECa  Vm Þ
1þ eððVCaVmÞ=KCaÞ : (6)
ICl ¼ gCl NCl ðECl  Vm Þ
1þ ðKCl=½Ca2þÞnCl
: (7)
INa ¼ gNa NNa ðENa  VmÞ
1þ eððVNaVmÞ=KNaÞ : (8)
IK ¼ gK NK ðEK  VmÞ
1þ ðKK=½Ca2þÞnK$ eVm=AK
: (9)
IeCa ¼ 2f $ ef $

Ca2þ

Kþ

: (10)
IeNa ¼ 4f $ ef $

Ca2þ

Kþ

: (11)
IeK ¼ f $ ef $

Ca2þ

Kþ

: (12)
IlCl ¼ f $ lCl $

Cl

: (13)
IlNa ¼ f $ lNa $

Naþ

: (14)
IlK ¼ f $ lK: (15)It is worth emphasizing that all of the ionic-channel currents are modeled
as governed by Ohm’s law. Moreover, ion channels can be classified accord-
ing to their activation mechanism (ligand activation, membrane potential
activation, or both). Considering this, we have accounted for each channel
activation mechanism in the corresponding conductance term as previously
reported (21,22).
The NCKX exchanger uptakes four Naþ ions, while it expels one Ca2þ
and one Kþ ion (5). We modeled this exchanger by considering Naþ,
Ca2þ, and Kþ currents that depend linearly on the Ca2þ and Kþ intracel-
lular concentrations.
In the conceptual model described before, the Cl, Naþ, and Kþ flows
are unidirectional. However, no stationary state would be possible if these
were the only flows for such ions. Therefore, we have included in our model
linear terms representing leakage currents for these ions.Parameter estimation
We paid special attention to the estimation of as many parameters as
possible from reported experimental data. We were able to estimate in
this way 12 of the model’s 23 parameters. To estimate the rest of them
we varied their values to fit the system dynamic response to reported exper-
imental dynamic results, as discussed in the Results and Discussion. The
nominal parameter values employed in this work are given in Table 3,
together with the corresponding sources.Numerical methods
The model set of ordinary differential equations was solved using the
algorithm ode23 of MATLAB (The MathWorks, Natick, MA).RESULTS AND DISCUSSION
We started by numerically solving the model equations,
employing the parameter values tabulated in Table 3. Recall
that these parameter values correspond to a flagellum stim-
ulated with speract. The results of this simulation are plotted
in Fig. 2.
Observe that all the model variables oscillate with a
frequency of 2 Hz, in agreement with the reported [Ca2þ]
oscillation frequency that ranges from 0 to 2 Hz, depending
on the speract concentration used to stimulate the sperm
(11). Additionally, the [Ca2þ] oscillation amplitude pre-
dicted by our simulations is similar to that observed
experimentally (11). According to our simulations, [Ca2þ]
oscillations have maximum and minimum values of
1400 nM and 230 nM, respectively, whereas the reported
experimental maximum and minimum values for sperms
populations are 1200 nM and 300 nM (11).
As discussed before, we were unable to estimate some
parameters from reported experimental data, and so we
determined their values by fitting the model response to
existent dynamic experiments. Hence, the previously re-
ported agreement between our simulations and the experi-
mental results is due in part to such parameter fitting.
Nevertheless, it is important to emphasize that the structure
of our mathematical model is such that, with a proper choice
of parameter values (which are biologically feasible), it can
reproduce an oscillatory behavior with the correct amplitude
and frequency.Biophysical Journal 102(11) 2481–2488
TABLE 3 Model parameters values
Parameter Description Units Value Reference
f Product of the Faraday constant and flagellum volume C$M1 1.54  1010 FP
Cm Flagellar membrane capacitance F 3.14  1013 FP
gNa HCN unitary conductance S 4.3  1011 (27)
gCa HVA unitary conductance S 7  1012 (28)
gK CAKC unitary conductance S 4  1012 FP
gCl CACC unitary conductance S 8  1012 (29)
NNa Number of HCN channels 20 FP
NCa Number of HVA channels 39 FP
NK Number of CAKC channels 80 FP
NCl Number of CACC channels 90 FP
KCl CACC EC50 for Ca
2þ M 8.13  105 (21)
nCl CACC Hill coefficient for Ca
2þ 1.52 (21)
KK CAKC EC50 for Ca
2þ M 2.83  1010 (21)
AK CAKC coefficient of voltage dependence 1.25  102 (21)
nK CAKC Hill coefficient for Ca
2þ 1 (21)
VCa Membrane potential needed for half-maximal HVA conductance V 1.3  102 (30)
KCa HVA coefficient of voltage dependence V 8.8  103 (30)
VNa Membrane potential needed for half-maximal HCN conductance V 4.5  102 (31)
KNa HCN coefficient of voltage dependence V 1.5  102 (31)
ef Rate of flow through the NCKX exchanger (M$s)
1 5.45  105 FP
lK Leakage rate of K
þ influx M$s1 1.153  101 FP
lCl Leakage rate of Cl
 efflux s1 5.34  103 FP
lNa Leakage rate of Na
þ efflux s1 3.9 FP
FP ¼ Fitted parameter.
2484 Aguilera et al.To further validate our model we simulated two different
experiments, reported in Wood et al. (11). In the first one,
the authors measured [Ca2þ] in a sperm flagellum before
speract stimulation. They found that in such a case, the
Ca2þ concentration reaches a stationary value of 360 nM.
To mimic the absence of speract in our model, we reduced
the HCN conductance and the NCKX exchanger maximum
ionic flux to 95% and 57% of their nominal values, respec-
tively. This is because both HCN channels and NCKX
exchangers are stimulated after the addition of speract (5).
After numerically solving the model equations, we found
that the model variables attain the following steady-state
values: 889 nM for [Ca2þ], 36.4 mM for [Cl], 52 mM
for [Naþ], 120 mM for [Kþ], and 21.8 mV for Vm. It is
important to notice that the only value with an experimental
counterpart is [Ca2þ], and although the [Ca2þ] steady-state
value predicted by our model is different from the
experimentally reported value, it has the correct order of
magnitude.
The second experiment consisted in measuring [Ca2þ]
over time in a speract-activated sperm treated with niflumic
acid. In these sperms, [Ca2þ] oscillations were also
observed, with amplitude similar to that of the control
experiment, but with a reduced frequency (11). It is known
that niflumic acid modifies the operation of different types
of ionic channels (23). The channels affected in the sper-
act-activated signaling pathway of the S. purpuratus sperm
are: HCN, CAKC, CACC, and HVA. We found with our
model that the reported [Ca2þ]-oscillation frequency
(at ~0.35 Hz) and amplitude (similar to control experiment)
can be achieved by, respectively, decreasing the conduc-Biophysical Journal 102(11) 2481–2488tance of these channels down to 40%, 34%, 25%, and
90% of their nominal values. The results of the correspond-
ing simulation are plotted in Fig. 3.
Given that we have a reduced number of ion channels
participating in the speract-activated signaling pathway,
their stochastic gating could have an important effect on
the system dynamics. In fact, if the resulting noise is too
intense, it could blur the system oscillatory behavior. This
question is particularly important because [Cl] oscillation
amplitude is quite small as compared with the [Cl] mean
value, as well as with the oscillation amplitude of the other
chemical species (see Figs. 2 and 3). To study the system
stochastic behavior we assumed that all ion channels
randomly switch between the open and closed states.
To calculate the open-state probability distributions, it is
useful to recall that the deterministic model is based upon
the assumption that the number of open channels of a certain
type equals the total channel count, times the probability
that each channel is open. Thus, we can calculate the open
probability of a given channel as the corresponding current
(computed by means of the equations in Table 2), divided
by the unitary channel conductance and by the total channel
count. Finally, under these assumptions, the number of open
channels of each type comes out to be a random variable
obeying a binomial distribution, with the open probability
computed as discussed above. Note that, as the number of
channels tends to infinity, the variation coefficient of the
binomial distribution tends to zero, and so the stochastic
description turns into a deterministic one.
From the discussion in the previous paragraph, we imple-
mented an Euler-like algorithm to simulate the system
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FIGURE 3 Results of a deterministic simulation for a speract-activated
sperm treated with niflumic acid. Each plot represents the dynamics of
a model variable versus time (50 s).
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FIGURE 2 Results of a deterministic simulation corresponding to a sper-
act-activated sperm. Each plot represents the dynamics of a model variable
versus time (10 s).
Speract-Activated Ca Oscillations 2485stochastic behavior as follows. Given the system initial
state, we calculated the open probabilities for all the ion
channel types, and randomly reckoned the number of open
channels by means of the corresponding binomial distribu-
tions. Once we knew the open channel counts, we computed
the corresponding ionic currents and upgraded the system
state accordingly. Finally, the above steps were iteratively
repeated until the end of the simulation.
The results of one such stochastic simulation is shown in
Fig. 4. To compare with the experiment, the simulated
[Ca2þ] values were plotted with a sampling period of
0.1 s. Observe that not only is the oscillatory behavior
preserved after considering the stochastic gating of all ion
channels, but there is a notable resemblance between our
model results and those reported in Fig. 2 B of Wood
et al. (11).
The previously discussed agreement between the model
simulations and reported experimental data makes us confi-
dent that, despite its simplicity, our model captures the
essential details of the real system so as to tackle other
questions concerning its dynamic behavior. In particular,
we were interested in to find what the core oscillator is,
within the speract-activated signaling pathway. Because
this question is closely related to the architecture of the
interaction network, we computed the Jacobian matrix to
study it. We found that the sign of all of the Jacobian entriesremains constant for all the values the model variables attain
while oscillating. Furthermore, we used the fact that the sign
of the Jacobian matrix Jij entry indicates whether the model
jth variable affects the ith variable positively (if Jij > 0),
negatively (if Jij < 0), or not at all (if Jij ¼ 0), to construct
the interaction network depicted in Fig. 5 A.
It is known that a negative circuit with at least three nodes
can give rise to a limit cycle, in which all the involved vari-
ables oscillate (24). We can identify three of this kind of
circuit in the network pictured in Fig. 5 A: 1), the circuit
composed of the Ca, Na, and Vm nodes; 2), the circuit
made up of the nodes Ca, K, and Vm; and 3), the circuit con-
sisting of nodes K, Na, and Vm. Hence, the question arises
of whether one or more of these circuits is responsible for
the system oscillatory behavior. To answer this question
we eliminated the nodes Ca, K, Na, and Cl (by setting the
corresponding variables to their stationary value) one at a
time, rendering the networks illustrated in Fig. 5, B–E. After
numerically solving the equations corresponding to these
modified interaction networks (the results are shown in
Fig. S1, Fig. S2, Fig. S3, and Fig. S4 of the Supporting
Material), we found that only when the subnetwork of nodes
Ca, Na, and Vm is present (Fig. 5, C and E) does the system
show sustained oscillations. Therefore, we conclude that
this negative circuit is the core oscillator in this system.Biophysical Journal 102(11) 2481–2488
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FIGURE 4 Results of a stochastic simulation for a speract-activated
sperm. Each plot represents the dynamics of a model variable versus
time (10 s).
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FIGURE 5 Architectures of the system interaction network. (A)
Complete network. (B) Interaction network after elimination of the Ca
node. (C) Interaction network after elimination of the K node. (D) Interac-
tion network after elimination of the Na node. (E) Interaction network after
elimination of the Cl node. The corresponding simulations are shown in
Fig. S1, Fig. S2, Fig. S3, and Fig. S4 of the Supporting Material.
2486 Aguilera et al.This further implies that the [Kþ] and [Cl] oscillations
occur because the corresponding nodes follow the core
oscillator, explaining why the system’s inherent stochastic-
ity does not hinder its cyclic behavior, despite the smallness
of the [Cl] oscillations.
Given that we estimated the values of almost half of the
model parameters by fitting according to what will make
the model function appropriately, we investigated the
robustness of the predicted cyclic behavior to variations
on the parameter values. The results are summarized in
Table S2 showing the parameter ranges in which an oscilla-
tory behavior is observed, as well as how the oscillation
amplitude and frequency change within each parameter
range. A general conclusion following from such this table
is that the system cyclic behavior is robust to quite-large
variations of all the parameter values. Furthermore, we
can see there that the oscillation frequency takes values in
the range [0 Hz, 3Hz], which compare well with the exper-
imentally observed range of values, [0 Hz, 2Hz] (11).
Of particular interest is the fact that the oscillation
frequency increases together with parameters gNa and ef,
which, respectively, stand for the HCN unitary conductance
and the rate of flow through the NCKX exchanger. As dis-
cussed above, both HCN and NCKX are stimulated after
the addition of speract, and the nominal values here em-
ployed correspond to a saturating speract dose. We cannotBiophysical Journal 102(11) 2481–2488quantitatively study the response of the system to different
speract doses, because the corresponding mechanisms
are not incorporated into the model. However, the above
results allow us to assert that a decreasing speract dose
implies smaller gNa and ef values, and thus a smaller oscil-
lation frequency, in agreement with the experimental
observations (11).CONCLUSIONS
We introduced in this work a mathematical model for the
speract-activated signaling pathway in the sperm flagellum
of the sea urchin S. purpuratus. With such a model we
were able to prove that the proposed architecture for this
signaling pathway is indeed capable of explaining, with
a feasible set of parameter values, an oscillatory behavior
with amplitude and frequency similar to those reported (11).
We further tested the model feasibility by simulating
two different experiments: a sperm without speract and
a speract-activated sperm treated with niflumic acid. In the
first case, our model predicted that the system reaches a
steady state, with [Ca2þ] attaining a stationary value similar
to that experimentally reported (11). Moreover, we could
reproduce, in the second case, oscillations with frequency
and amplitude remarkably similar to those observed in the
experiment (11).
Speract-Activated Ca Oscillations 2487We carried out stochastic simulations to investigate the
influence of biochemical noise on the system cyclic
behavior. Our results demonstrate that the stochastic model
still shows sustained oscillations. As a matter of fact, the
stochastic simulations reproduce, in a more accurate way,
the experimental results for [Ca2þ].
A more detailed analysis of the interaction architecture
revealed the existence of three subnetworks that could, in
principle, be responsible for the system oscillatory behavior.
These subnetworks are respectively composed of the nodes
Ca, K, and Vm;Ca,Na, and Vm; and K,Na, and Vm. However,
we found by sequentially eliminating the Ca, Na, K, and Cl
nodes that the negative feedback loop consisting of nodes
Ca, Na, and Vm is the system core oscillator. Interestingly,
the elimination of the K and Cl nodes has no apparent effect
on the system cycling behavior, even though theCl selective
channel has been proposed as a necessary element for the
speract-activated signaling pathway to oscillate (9,11).
In contrast with the large amount of experimental
evidence, only recently has the speract-activated signaling
pathway been studied from a mathematical-modeling
perspective (25). Because this study and ours tackle different
questions, our results and theirs cannot be directly contrasted
in general. Although we are interested in identifying the
system core oscillator, Espinal et al. (25) studied, by means
of a discrete-dynamics model, the necessary elements for
the onset of oscillations. However, among other results,
Espinal et al. (25) demonstrated that theCAKCchannel plays
a central role in determining the period of fluctuations. We
simulated the effect of reducing the number of CAKC chan-
nels and found that the oscillation period is increased (see
Table S2), in agreement with the theoretical and experi-
mental results of Espinal et al. (25). In fact, this last point
constitutes one more proof for the validity of our model.
Finally, it is interesting to note that there are different
species of sea urchins sharing a common architecture in their
SAP-activated pathway. However, only in A. punctulata (12)
and Lytechinus pictus (26) chemotaxis has been experimen-
tally demonstrated. We believe that a mathematical
modeling approach would be useful to determine which
small differences in the signaling pathways are responsible
for this behavior.SUPPORTING MATERIAL
Two tables, four figures, and references (32–35) are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(12)00462-6.
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